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We report on the scaling behavior of V-doped (Bi,Sb)2Te3 samples in the quantum anomalous
Hall regime for samples of various thickness. While previous quantum anomalous Hall measurements
showed the same scaling as expected from a two-dimensional integer quantum Hall state, we observe
a dimensional crossover to three spatial dimensions as a function of layer thickness. In the limit of a
sufficiently thick layer, we find scaling behavior matching the flow diagram of two parallel conducting
topological surface states of a three-dimensional topological insulator each featuring a fractional
shift of 1
2
e2/h in the flow diagram Hall conductivity, while we recover the expected integer quantum
Hall behavior for thinner layers. This constitutes the observation of a distinct type of quantum
anomalous Hall effect, resulting from 1
2
e2/h Hall conductance quantization of three-dimensional
topological insulator surface states, in an experiment which does not require decomposition of signal
to separate the contribution of two surfaces. This provides a possible experimental link between
quantum Hall physics and axion electrodynamics.
Introduction. After several theoretical proposals to ac-
complish the quantum anomalous Hall effect (QAHE) [1–
5], it has recently been observed in magnetically doped
(Bi,Sb)2Te3 [6–14]. The exact quantization and edge
channel transport have been verified. Theory has sug-
gested the system may be a suitable host for the realiza-
tion of Majorana bound states [15] by combining super-
conductivity with the QAHE, and exploring quantized
signatures of the three dimensional topological magneto-
electric effect [5, 16, 17].
The QAHE has thus far been observed in thin layers
with thicknesses in the range of 4 to 10 nm which are typ-
ically described as thin films. The onset of a gap stem-
ming from the hybridization of the top and bottom sur-
face state is predicted to be in the range of 6 nm [18, 19],
which is also the thickness at which opening of the gap is
observed in ARPES measurements on Bi2Se3 by Zhang
et al. [20], and also in layers grown by our group [21].
While many of the QAHE layers reported on so far are
thinner than 6 nm, some are not. Also, layer roughness,
resulting in part from the existence of rotation twins [22],
make it difficult to define an exact layer thickness. It is
therefore not clear if the layers should be regarded as
magnetic 2D or 3D topological insulators (TI).
The mechanism invoked to explain the QAHE in its
initial manifestation [6] is applicable to a 2D system [3],
where the inversion of one spin species is lifted by ex-
change interaction. The theoretical perspective on the
QAHE at a 3D TI surface, however, is different, and
ties to the axion term [23] characterizing the electro-
dynamic response of a 3D TI bulk [24]. This has re-
cently been investigated through Faraday and Kerr rota-
tion spectroscopy [25–27], where one observes the joint
effect of both topologically non-trivial surfaces and has
no measure to decompose the signal into individual sur-
face contributions. Due to the effect of the axionic action
Sθ =
θα
4pi
∫
E ·B d3xdt, where α is the fine structure con-
stant and θ=1 in the TI bulk up to its boundary, the
single Dirac cone surface state does not violate gauge
symmetry upon minimal coupling to an electromagnetic
field [28, 29]. As the magnetic dopants induce a gap and
magnetic disorder might act to further localize the Dirac
surface density of states, a half-integer contribution to
the Hall conductivity σxy = ± 12e2/h is still expected to
be observable as long as the Fermi level resides in the
3D TI bulk gap [5]. The surface state of a 3D TI ex-
hibiting the QAHE could thus be regarded as an “axion
insulator”.
In this letter, we report on our measurements on
Vy(Bi1−xSbx)2−yTe3 layers with thicknesses around
9 nm which match the predicted flow diagram of two par-
allel topological surface states, providing experimental
signature of a QAHE quantized in units of σxy = ± 12e2/h
on each of the two surfaces, e.g. top and bottom, of
a magnetic 3D TI slab. This effect is best evidenced
by examining flow diagrams describing the relation of
the longitudinal σxx to the transversal σxy conductivi-
ties during the transition from one filling factor to an-
other. A flow diagram of the QAHE was first reported
by Checkelsky et al. [7] and resembles that of the in-
teger quantum Hall effect (iQHE) [30] where the rela-
tion between σxx and σxy follows semicircles centered on
(σxy, σxx) = (
1
2 e
2/h, 0) and (− 12 e2/h, 0), going through
the points (e2/h, 0), (0, 0) and (−e2/h, 0). Both compo-
nents of the conductance going to zero during the tran-
sition indicate a complete breakdown of the edge chan-
nel transport. By extracting the values of σxx and σxy
from published measurements of the external magnetic
field dependence to determine their scaling diagram, one
finds that most subsequent observations of the QAHE
show the same behavior. This can be directly seen by
the peak value of the longitudinal resistivity ρxx > h/e
2
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2at ρxy = 0. Examples of such a high longitudinal resis-
tivity are measurements with ρxx = 2.2 h/e
2 in Fig. 2
of [6], ρxx = 2.1 h/e
2 in Fig. 2 of [7], ρxx = 1.7 h/e
2 in
Fig. 1 of [10], ρxx = 1.6 h/e
2 in Fig. 4 of [11], or even as
high as ρxx = 34 h/e
2 in Fig. 1 of [12]. The lowest peak
values of the longitudinal resistivity is seen in Fig. 1 of [9]
with ρxx = 1.1 h/e
2 which, with a thickness of 10 nm, is
measured on the thickest layer of the listed experiments.
While our control measurements on thin layers show this
same scaling behavior, our slightly thicker samples show
the transition to the very different scaling behavior con-
sistent with that predicted for an axion insulator.
Magnetic 3D TI layers. Our Vy(Bi1−xSbx)2−yTe3 lay-
ers are grown by molecular beam epitaxy on Si(111) and
InP(111) substrates and capped in situ with a 10 nm
layer of Te as protection against the environment. The V
content y was determined from the growth rate of pure
V to be y ≈ 0.1 for all layers, the varying Sb content
x is determined by X-ray diffraction (XRD) measure-
ments of the lateral lattice constant a and the layer thick-
nesses are obtained from X-ray reflection (XRR) mea-
surements [31]. After growth the layers are patterned
into Hall bar devices with a top gate and AuGe contacts
using standard optical lithography (see supplementary
for more details). All presented transport measurements
were conducted at base (nominally 25 mK) tempera-
ture (unless specified otherwise) in a dilution refrigerator
equipped with a high field magnet. Hall and longitudinal
resistances were measured using standard high-precision,
low-frequency ac techniques (2-14 Hz). In all cases, the
dependence of the longitudinal (ρxx) and Hall resistivity
(ρxy) on the gate voltage was first measured in the ab-
sence of magnetic field, and all magneto-resistivity data
presented in this letter is then taken for the gate voltage
condition which gives the maximum value of ρxy (unless
specified otherwise).
Figure 1 shows a measurement of the longitudi-
nal and Hall resistivity of several samples in an ex-
ternal magnetic field: Five 9 nm thick layers with
varying composition V0.1(Bi1−xSbx)1.9Te3, a 8 nm
thick V0.1(Bi0.22Sb0.78)1.9Te3 layer and a 6 nm thick
V0.1(Bi0.21Sb0.79)1.9Te3 layer. The ρxy data of Fig. 1a
shows that all layers are in the QAH regime and at least
close to quantization, with ρxy(H = 0) > 0.8 h/e
2. The
longitudinal resistivity shown in Fig. 1b on the other
hand shows results that can be classified in two distinct
categories. For all layers with d ≈ 9 nm the peak value
of ρxx is less than h/e
2, while the layers with d < 9 nm
in contrast show a peak value which is higher than h/e2,
as common in the literature.
Flow diagrams of these measurements for the d ≈ 9 nm
layers are shown in Fig. 2. These diagrams show the
scaling of σxx to σxy as an external parameter is used to
turn the system between plateaus. Any external param-
eter which affects the plateau transition can be used. In
this paper we choose to use external magnetic field as a
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FIG. 1. ρxy (a) and ρxx (b) of several V0.1(Bi1−xSbx)1.9Te3
layers as a function of the external magnetic field. The varied
parameters are the Sb content x, the layer thickness d and
substrate type. The data acquired on the five layers with
d ≈ 9 nm is displayed as solid lines. Four of them are grown
on Si(111) with x values of: 0.69 (cyan), 0.79 (green), 0.80
(navy), 0.86 (magenta). One is grown on InP(111) with x =
0.79 (purple). The measurements of two thinner layers with
d = 8 nm and x = 0.78 (orange) and d = 6 nm and x = 0.79
(dary yellow), grown on Si(111), are displayed as dashed lines.
parameter [30, 32, 33] as it allows us to access a larger
area of phase space while at the same time protecting the
insulation nature of the bulk. Scaling diagrams using pa-
rameters such as temperature and gate voltage are shown
in the supplemental information. The transition does not
occur via the insulating state at (0,0), but rather differ-
ent behavior is observed. Instead of following the above
described flow diagram of the iQHE (black dashed lines),
the data follows a semicircle centered on the origin with
a radius of e2/h (red dashed line).
Such a semicircle centered on the origin is exactly what
is predicted for a topological surface state in a mag-
netic 3D TI. Nomura and Nagaosa studied the transition
of half-integer quantized states from σxy =
1
2 e
2/h to
σxy = − 12 e2/h on a single surface of a TI [5], and found a
scaling behavior shown by the green dashed line in Fig. 2;
a semicircle which connects the two points ( 12 e
2/h,0) and
(− 12 e2/h,0) without transitioning through the insulating
state. For two parallel conducting surface states, e.g. top
and bottom surface of the layer, the conductivities add
and the resulting scaling behavior is represented by the
red dashed line in Fig. 2, consistent with our observed
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FIG. 2. Flow diagram mapping σxx to σxy of layers with
d ≈ 9 nm from the external magnetic field measurement (see
Fig. 1) is shown. The black dashed line represents the flow
diagram of the iQHE, the green dashed line the predicted
flow diagram of a single topological surface state and the red
dashed line two parallel conducting topological surface states.
The color code of the measurement data is the same as in
Fig. 1.
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FIG. 3. Flow diagram mapping σxx to σxy for 4 different fixed
gate voltage values VG = -9 V (cyan), VG = 3 V (green), VG
= 6.2 V (blue), and VG = 9 V (magenta), for a representative
9 nm thick V0.1(Bi0.21Sb0.79)1.9Te3 layer exhibiting perfectly
quantized transport (green in Fig. 1, Fig. 2, and Fig. 5). The
black dashed line represents the flow diagram of the iQHE
and the red dashed line two parallel conducting topological
surface states.
behavior. It is worth noting that the key distinction be-
tween the iQHE and the axionic behavior is the position
of the center of the semicircle in the flow diagram, which
is at σxy =
1
2 e
2/h for the former case, and shifted back
by 12 e
2/h in the latter. This shift from finite value to
zero does not depend on the number of surfaces being
considered and thus is robust evidence of a fundamen-
tally different scaling, which is consistent with an axionic
term acting on a single topological surface state.
Robustness of the effect. To further confirm the ro-
bustness of the axionic scaling, we present flow diagram
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FIG. 4. Flow diagram mapping σxx to σxy for 4 different
fixed temperature values T = 155 mK (magenta), T = 530
mK (green), T = 1 K (cyan), and base temperature of the
dilution refrigerator (blue) for a representative 9 nm thick
V0.1(Bi0.21Sb0.79)1.9Te3 layer exhibiting perfectly quantized
transport (green in Fig. 1, Fig. 2, and Fig. 5). The black
dashed line represents the flow diagram of the iQHE and the
red dashed line two parallel conducting topological surface
states.
analysis for our representative perfectly quantized 9 nm
thick V0.1(Bi0.21Sb0.79)1.9Te3 layer [14], for a wide range
of fixed gate voltage values in Fig. 3, and for various fixed
temperature values in Fig. 4. As expected, so long as the
Fermi level resides in the bulk bandgap, change in car-
rier concentration does not affect the scaling properties
of such a system. Similar reproducible behavior char-
acterizes the magnetic field scans at elevated tempera-
tures, as clearly seen in Fig. 4. Magneto-resistivity mea-
surements at temperatures ranging from base tempera-
ture of the dilution refrigerator up to 1 K, reveal nearly
constant longitudinal resistivity peak values, while high
field values increase from 0 to nearly 0.5 h/e2, as seen
in supplementary Fig. 4. The same conclusion applies to
magneto-resistivity scans for different gate voltage values
visible in supplementary Fig. 3, where the ρxx peak value
again proves to be nearly carrier concentration indepen-
dent and close to the quantized value h/e2.
Sensitivity to layer thickness. We first note that be-
cause (Bi,Sb)2Te3 grows with rotational twins, no per-
fectly flat layer in this material system has ever been
achieved, and the typical surface roughness is not negli-
gible compared to layer thicknesses. As such layer thick-
nesses reported by various groups using methodologies,
which are effected differently by this roughness are dif-
ficult to compare. The values of the layer thicknesses
given here should therefore be viewed as a way to reli-
ably compare the relative thicknesses of our samples, but
will not necessary compare in absolute values to those
reported by other groups. Having said that, to confirm
that thickness is indeed the key parameter distinguish-
ing between iQHE and axionic scaling, we reproduce the
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FIG. 5. Flow diagram mapping σxx to σxy for 3 different
layers with d = 9 nm (green), d = 8 nm (orange) and d =
6 nm (dark yellow) and similar composition, as extracted from
the external magnetic field measurement (see Fig. 1). The
black dashed line represents the flow diagram of the iQHE
and the red dashed line two parallel conducting topological
surface states.
scaling curve of a 9 nm thick layer exhibiting perfectly
quantized transport, together with that of an 8 nm and a
6 nm thick layer of similar composition in Fig. 5. Already
for the 8 nm thick layer, a clear deviation from the 3D
TI axionic scaling behavior is seen in the form of a dip
at σxy = 0. This feature strengthens for the 6 nm thick
layer, which qualitatively follows the iQHE flow diagram
represented by the black dashed line. Although both the
8 nm and 6 nm layers do not accurately quantize, they
are in the QAHE regime and show a transition in scal-
ing behavior, from the axion-like scaling expected in the
3D case to the previously reported iQHE scaling, high-
lighting the existence of two distinct regimes of QAHE.
Unfortunately layers of even greater thickness cannot be
studied as bulk contributions begin to significantly influ-
ence the observed transport as shown in supplementary
Fig. 2.
Finally, we remark on the significance of the protective
Te cap. Samples which are grown without a cap and oth-
erwise processed in the same way, also exhibit the QAHE
effect. The flow diagrams extracted from the external
magnetic field dependence of three uncapped layers are
shown in supplementary Fig. 6. All three of these layers
are at least 9 nm thick as determined by XRR measure-
ments, yet show 2D scaling behavior. The flow diagram
of uncapped layers therefore matches the scaling behav-
ior of thinner capped layers. This is likely to be a result
of degradation in the topmost layers due to exposure of
the unprotected surface to ambient conditions and the
lithography process, and suggest that uncapped samples
have a dead layer at their surface, and thus are effectively
thinner than their nominal values.
The range of thickness at which we see the scaling tran-
sition in capped layers is not inconsistent with the ex-
pected opening of the hybridization gap at 6 nm. While
most of the samples reported on in literature are below
this threshold, a clear iQHE scaling behavior is also seen
in measurements from Checkelsky et al. [7] and Bestwick
et al. [9] on layers which are nominally 8 nm and 10 nm
thick, respectively. Considering that magnetically doped
(Bi,Sb)2Te3 layers have a considerable roughness it may
be that the percolation path of the edge channel through
the sample contains thinner parts which could explain
an onset of this behavior in nominally thicker samples.
Another explanation could be that the various capping
methods (a 2 nm thin Al layer grown in situ [9] or ex situ
grown AlOx [7]) have a different degree of effectiveness
than our Te cap.
Speculation relating to the direction of magnetization
in our samples. A fine point which should be commented
on relates to the direction of the magnetization vector in
the sample. In the geometry examined in the theoretical
literature the magnetization is usually made to point out
of the sample on all surfaces. Whether this is a neces-
sity or how the axion physics would look for fields go-
ing inwards and outwards on opposite surfaces is not yet
explored. Moreover, no direct measurement of the mag-
netization has yet been reported on at low enough tem-
peratures for the samples to be in the quantized regime,
where the character of the magnetization reversal is qual-
itatively different than that at higher temperature (See
Fig. S10 in [9] for example). It is not clear if in our
samples the magnetization is homogeneous, or if energy
considerations (discussed in the supplementary material,
which includes Ref. to [34]) lead to an always inward
or always outward configuration. In either event, while
more investigation into this issue is certainly needed be-
fore clarity is achieved, the very fact that we observe
the quantum anomalous Hall effect in the samples proves
that the edge states survive, and that their scaling be-
havior can be analyzed.
A single species Dirac fermion on a 3D TI surface state
is linked to axion electrodynamics based on gauge sym-
metry arguments. Scaling analysis performed on our lay-
ers is consistent with that expected from such an axion
system. While uncertainty about the magnetization state
leave some degree of speculation in associating our scal-
ing to an axion insulator, we suggest that it is a plausible
explanation based on currently available evidence.
Conclusion. We have studied the flow diagram of the
QAHE in several layers. From the scaling behavior we
determine that the QAHE in our capped 9 nm thick V-
doped (Bi,Sb)2Te3 layers originates from the two topo-
logical surface states of the magnetic 3D TI each con-
tributing the half-integer quantization of σxy =
1
2 e
2/h
to the total Hall conductivity. The center of the semicir-
cle in the flow diagram being shifted from a finite value to
zero is robust evidence, which does not rely on discrim-
inating between the various surface contributions. This
result qualitatively differs from most previous publica-
5tions showing 2D behavior [35] and is a robust transport
observation of a distinct QAHE having scaling properties
consistent with one resulting from the presence of axionic
action characterizing the electrodynamic response of a
magnetic 3D TI, i.e., an axion insulator.
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Note added.-In addition to note [35], an additional pub-
lication appeared [36], during the review process of our
manuscript, in which a 3D-like scaling (as the red dashed
line of our Fig. 2) is reported in Figure S6 of their supple-
mentary material. However, as in [35] the significance of
this observation was not recognized. Interestingly, in the
configuration where the authors believe to have achieved
a magnetization pointing out of the plane on both sur-
faces, the observed scaling is that of our 2D geometry
(as the black dashed line of our Fig. 2), which does not
support axionic responce.
Supplementary Material
Sample preparation. After MBE growth, the samples
are processed by standard optical lithography techniques.
In a first lithographic step, a six-terminal Hall bar ge-
ometry mesa is defined using Ar ion beam etching, with
positive tone resist as an etching mask. In a second litho-
graphic step, after Ar ion beam etching removal of the
tellurium cap from selected parts of the defined mesa,
the sample is transferred in-situ under vacuum condi-
tions, into metalization chamber to evaporate the AuGe
contact leads. A top gate oxide, consisting of 20 nm of
AlOx, and 1 nm of HfOx, is deposited on the structure
using atomic layer deposition, and immediately covered
with a Au gate electrode in the third lithographic step.
The remaining insulating oxide layer is removed from the
leads area with water diluted HF in the final step. After-
wards, each processed sample is glued to a chip carrier,
and an ultrasonic bonder is used to connect Au wires to
the device. Each sample consists of two Hall bar devices,
big and small, with widths of 200 µm and 10 µm, and
separations of 600 µm and 30 µm, respectively, between
adjacent contacts. No difference in transport is observed
between the two. Supplementary Fig. 1 shows an optical
microscope photograph of a typical sample.
Transport data for layers with thicknesses beyond
d = 9 nm. Supplementary figure 2 presents longi-
tudinal (a) and Hall (b) magneto-resistivity data for
V0.1(Bi0.21Sb0.79)1.9Te3 layers with thicknesses d= 9 nm,
d = 15 nm, and d = 25 nm grown under the same condi-
tions. The layer with thickness d = 9 nm is a represen-
tative one exhibiting perfect quantization [14], plotted
here as a comparison to the thicker layers. The layer
with d = 15 nm has no Te protecting cap, whereas both
with d = 9 nm and d = 25 nm have one. Measurements
were performed at base temperature (nominally 25 mK)
of the dilution refrigerator, and gate voltage providing
the biggest Hall resistivity for each of the samples. Layer
thicknesses were obtained from X-ray reflection (XRR)
measurements. For the thicker samples, the reduced val-
ues of the anomalous Hall signal and increased four ter-
minal longitudinal resistance are a reflection of the fact
that the bulk of the layer begins to contribute parasitic
conduction. As such, it is impossible to discriminate
between the bulk and topological surface contributions
to the conductivity, and thus impossible to examine the
scaling behavior of the surface state transport.
Magneto-resistivity data for scaling plots presented in
Fig. 3 and Fig. 4 of the Letter. Supplementary Fig. 3
presents raw magneto-resistivity data for the scaling
plots in Fig. 3 of the Letter. Magnetic field scans were
performed at base temperature of the dilution refrigera-
tor for various fixed gate voltage values, ranging from VG
= -9 V to VG = 9 V (dielectric break limit of the 21 nm
thick gate insulator on our samples).
Supplementary Fig. 4 shows raw magneto-resistivity
data for scaling plots from Fig. 4 in the Letter. Mag-
netic field measurements were conducted at various fixed
temperature values ranging from base temperature of the
dilution refrigerator, up to T = 1 K, at the gate voltage
FIG. 1. Optical microscope photograph of one of the pro-
cessed samples consisting of two Hall bar devices, big (600
µm x 200 µm) and small (30 µm x 10 µm). Contacts (1)
and (4) are used to pass a current through the device, con-
tacts (2)(3)(5) and (6) are used for proper 4-terminal mea-
surements, and contact (G) is used for applying a gate bias.
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FIG. 2. The Hall (a) and longitudinal (b) magneto-resistivity
data for d = 9 nm (black), d = 15 nm (red), and d = 25
nm (blue) thick V0.1(Bi0.21Sb0.79)1.9Te3 samples grown un-
der the same conditions. The sample with d = 15 nm has
no protective cap, while the other two were grown with Te
cap. Measurements were performed at base temperature of
the dilution refrigerator for gate voltage providing maximal
Hall resistivity.
providing the highest anomalous Hall response.
Aging of the uncapped samples. Supplementary Fig. 6
presents scaling analysis with magnetic field as the driv-
ing parameter, for three layers grown without protective
Te cap. Magneto-resistivity data from which the scaling
plots were acquired are shown in Supplementary Fig. 5.
Measurements were performed at base temperature of the
dilution refrigerator, for the gate voltage providing the
biggest anomalous Hall resistivity for each sample. All
three layers are at least 9 nm thick as determined by XRR
measurements, yet show 2D scaling behavior. The flow
diagram of uncapped layers therefore matches the scaling
behavior of thinner capped layers. Supplementary Fig. 7
shows similar scaling analysis for two samples processed
from one of the uncapped 10 nm thick layers presented
in supplementary Fig. 6 (V0.1(Bi0.23Sb0.77)1.9Te3). One
of them was exposed for 6 months to ambient conditions,
and the other for 12 months between growth and pro-
cessing. The flow diagram reveals an evolution of the
scaling behavior towards the iQHE one, with increasing
layer exposure time. This strongly indicates that samples
without a proper protective cap exhibit behavior analo-
gous to thinner grown capped layers due to degradation
of the top atomic layers.
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FIG. 3. The Hall (a) and longitudinal (b) magneto-resistivity
data for four fixed gate voltage values VG = -9 V (cyan), VG
= 3 V (green), VG = 6.2 V (blue), and VG = 9 V (magenta),
for a representative 9 nm thick V0.1(Bi0.21Sb0.79)1.9Te3 layer
exhibiting perfectly quantized transport (Fig. 3 in the letter,
same color coding). Measurements were performed at base
temperature of the dilution refrigerator.
Magnetic field as a parameter for quantum anomalous
Hall effect flow diagram investigation. As mentioned in
the main text, any parameter which causes the sample
to transition between plateaus can be used as the drive
parameter to explore the scaling, and various ones have
been used over the years, including gate voltage, tem-
perature, and external magnetic field. In this letter we
focused our attention on using magnetic field as a param-
eter for QAHE scaling analysis, because it is the param-
eter that reveals the largest part of the scaling diagram,
and the one which minimizes any possible influence of
parasitic bulk effects. For completeness, we have ana-
lyzed the temperature and gate voltage driven scaling
dependence as well (Supplementary Fig. 8 and supple-
mentary Fig. 9).
Scaling analysis with temperature as a parameter. Sup-
plementary Fig. 8 shows a scaling analysis of the samples
from the letter with temperature as the driving parame-
ter, collected during cooling from T = 1 K to base tem-
perature of the dilution refrigerator, at gate voltages pro-
viding maximal Hall resistivity for each, and no external
magnetic field applied, after a magnetic field treatment
to saturate the magnetization of the layers. The graph
includes analysis of samples in a 3D regime with thick-
ness d ≈ 9 nm (a), and samples in intermediate and 2D
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FIG. 4. The Hall (a) and longitudinal (b) magneto-resistivity
data for four fixed temperatures T = 155 mK (magenta), T
= 530 mK (green), T = 1 K (cyan), and base temperature
of the dilution refrigerator (blue), for a representative 9 nm
thick V0.1(Bi0.21Sb0.79)1.9Te3 layer exhibiting perfectly quan-
tized transport (Fig. 4 in the letter, same color coding). Mea-
surements were performed at base temperature of the dilution
refrigerator.
regimes (including thick uncapped layers exhibiting be-
havior of thinner layers) (b). There are indications of
a difference in the flow diagram between the two situa-
tions, however the sampled parameter space is too small
to draw any strong conclusions regarding presence of the
axionic screening. Moreover, we caution that the matrix
inversion formalism used to calculate conductivity ten-
sor elements is valid only in a 2D system, or in case of
a 3D topological insulator (TI) slab, parallel 2D topo-
logical surface states separated by insulating bulk. For
this reason, it might not be possible to reliably extract
σxx and σxy for elevated temperatures in a 3D TI, due
to the likely appearance of trivial and temperature de-
pendent conduction in the bulk. This raises questions as
to the reliability of analysis based on temperature driven
scaling behavior in such systems.
Scaling analysis with gate voltage as a parameter. The
gate voltage parameter dependence of the flow diagrams
presented in supplementary figure 9 exhibits a clear dif-
ference between scaling of the layers in the 2D and in-
termediate regimes (including uncapped thick samples
exhibiting behavior of thinner layers) (b), and those in
3D regime with thickness d ≈ 9 nm (a). The measure-
ments were performed at base temperature, and no ex-
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FIG. 5. Hall (a) and longitudinal (b) magneto-resistivity
data for three Vy(Bi1−xSbx)2−yTe3 uncapped layers (scaling
plots acquired from this data are presented in supplemen-
tary Fig. 6, with the same color coding). The composition
and thickness of the layers are V0.1(Bi0.23Sb0.77)1.9Te3 and
d = 10 nm (green), V0.1(Bi0.26Sb0.74)1.9Te3 and d = 9 nm
(cyan), V0.05(Bi0.27Sb0.73)1.95Te3 and d = 10 nm (blue).
ternal magnetic field applied, preceded by magnetic field
treatment to saturate magnetization of the samples. The
former appear to follow iQHE scaling, while the latter re-
veal different behavior. Similarly to temperature depen-
dence, the range of revealed scaling flow is significantly
smaller than for magnetic field measurements. Neverthe-
less, the flow diagrams visible in (a) and (b) clearly show
distinct behavior, fully consistent with that observed in
the magnetic field driven measurements.
Energy considerations for the magnetization state. As
we commented on in the main text, there has yet to be
any direct experimental measurements of the magneti-
zation state in samples in the quantum anomalous Hall
regime, but there is significant evidence that the state
is rather complex. This includes the reports on par-
tially superparamagnetic like behavior in Ref. [14], as
well as the clearly distinct qualitative magnetization be-
havior, below and above approximately 350 mK, as seen
in Fig. S10 in the supplemental to Ref. [9]. This may
all suggest that the ferromagnetic transition observed at
Tc = 23 K [10] is that of the bulk material, whereas the
magnetic character of the surface state itself has some
independent character.
To this last point we would note that the authors of
Ref. [5] raise the issue of domains with opposite orienta-
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FIG. 6. Flow diagram mapping σxx to σxy for 3 un-
capped layers grown on Si(111). The composition and
thickness of the layers are V0.1(Bi0.23Sb0.77)1.9Te3 and d =
10 nm (green), V0.1(Bi0.26Sb0.74)1.9Te3 and d = 9 nm (cyan),
V0.05(Bi0.27Sb0.73)1.95Te3 and d = 10 nm (blue). The black
dashed line represents the flow diagram of the iQHE and the
red dashed line two parallel conducting topological surface
states.
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FIG. 7. Flow diagram mapping σxx to σxy using external
magnetic field as driving parameter, collected at the base
temperature of the dilution refrigerator, for the gate voltage
providing maximal Hall resistivity for the two 10 nm thick
V0.1(Bi0.23Sb0.77)1.9Te3 samples without protective Te cap,
processed from the same grown layer. In the case of the first
sample, the surface was exposed to ambient conditions for 6
months before processing, and in case of the second one, for 12
months. (Scaling plot for the sample exposed for 12 months
is visible in supplementary Fig.6 as well)
tion of magnetisation on a single surface, and how it can
be discarded on energy principles. This issue requires
analyzing the balance of three different energy scales: (i)
single-ion magnetic anisotropy (see also [34]) (ii) Zee-
man energy of the magnetic ions relating to the effec-
tively ferromagnetic coupling between the ions and (iii)
the magneto-electric energy itself, which is Eq. 3 in Ref.
[5]. As one compares all three energy scales, following
the line of thought in Ref. [5], it seems likely that (iii)
wins beyond a sufficient electric field strength. This is
-1.0 -0.5 0.0 0.5 1.0
0.0
0.5
1.0
0.0
0.5
1.0
 
 
xx
 (e
2 /h
)
xy (e
2/h)
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 x=0.78, y=0.1, d=8nm, Si(111), Te cap
 x=0.73, y=0.05, d=10nm, Si(111), no Te cap
 x=0.74, y=0.1, d=9nm, Si(111), no Te cap
 x=0.77, y=0.1, d=10nm, Si(111), no Te cap
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 x=0.69, y=0.1, d=9nm, Si(111), Te cap
 x=0.79, y=0.1, d=9nm, Si(111), Te cap
 x=0.79, y=0.1, d=9nm, InP(111), Te cap
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(a)
FIG. 8. Flow diagrams mapping σxx to σxy with temperature
as a driving parameter, collected during cooling from T = 1 K
to base temperature of the dilution refrigerator, at the gate
voltage providing maximal Hall resistivity for each, and no
external magnetic field applied. The measurements are pre-
ceded by magnetic field treatment to saturate the magnetiza-
tion of the samples. Scaling of various Vy(Bi1−xSbx)2−yTe3
layers which are (a) in the 3D regime and (b) in the 2D and
intermediate regimes are presented. The black dashed line
represents the flow diagram of the iQHE and the red dashed
line two parallel conducting topological surface states.
plausible as the other processes do not benefit from the
electric field strength present at the thin film surfaces,
and all energies (i)-(iii) scale linearly as a function of
magnetic field, i.e. as a function of magnetic impurity
density.
Having established that oppositely oriented magnetic
impurity domains are not preferred for energetic reasons
on a single surface, as done in Ref. [5], it is conceiv-
able that maximising the magneto-electric energy gain
from the surface magnetic ion composition is likewise the
driver for making all magnetic impurities point in or out
of the TI. Judging from the estimate of Ref. [5], the
magneto-electric term is dominant over e.g. the Zeeman
energy by possibly one or even more orders of magni-
tude. For the very same reasoning, one could expect the
magnetic ion polarization to point all out-of-surface or
in-surface. Exploring this hypothesis beyond the above
energy scale argument would certainly be interesting, but
would be very challenging from the simulation point of
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 x=0.73, y=0.05, d=10nm, Si(111), no Te cap
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FIG. 9. Flow diagrams mapping σxx to σxy with gate voltage
as driving parameter, collected at base temperature of the
dilution refrigerator and no external magnetic field applied,
after a magnetic field treatment to saturate magnetization
of the layers. Results for various Vy(Bi1−xSbx)2−yTe3 layers
from the letter in the 3D regime, Te capped with thickness d ≈
9 nm (a), and samples in the 2D and intermediate regimes (b)
are presented (including uncapped thick samples exhibiting
behavior of effectively thinner layers). The black dashed line
represents the flow diagram of the iQHE and the red dashed
line two parallel conducting topological surface states.
view, and well beyond the scope of this manuscript. It
would require analyzing microscopically a 3D system of
disordered magnetic ions doped into a topological insula-
tor, which appears to be out of reach of current models.
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